Glial and endothelial cells interact throughout the brain to define specific functional domains. Whether endothelial cells convey signals to glia in the mature brain is unknown but is amenable to examination in circumventricular organs. Here we report that purified endothelial cells of one of these organs, the median eminence of the hypothalamus, induce acute actin cytoskeleton remodeling in isolated ependymoglial cells and show that this plasticity is mediated by nitric oxide (NO), a diffusible factor. We found that both soluble guanylyl cyclase and cyclooxygenase products are involved in this endothelial-mediated control of ependymoglia cytoarchitecture. We also demonstrate by electron microscopy that activation of endogenous NO release in the median eminence induces rapid structural changes, allowing a direct access of neurosecretory axons containing gonadotropin-releasing hormone (GnRH) (the neuropeptide controlling reproductive function) to the portal vasculature. Local in vivo inhibition of NO synthesis disrupts reproductive cyclicity, a process that requires a pulsatile, coordinated delivery of GnRH into the hypothalamic-adenohypophyseal portal system. Our results identify a previously unknown function for endothelial cells in inducing neuroglial plasticity and raise the intriguing possibility that endothelial cells throughout the brain may use a similar signaling mechanism to regulate glial-neuronal interactions.
Introduction
In recent years, compelling evidence has been provided demonstrating that in addition to neuron-initiated signaling, nonneuronal cells play an important role in generating and regulating the flow of information within the brain (Haydon, 2001) . Among these non-neuronal cells, astrocytes have been shown to play important roles in the control of both synaptic transmission (Parpura and Haydon, 2000; Lino et al., 2001; Oliet et al., 2001) and neurosecretion (Hatton, 1997; Theodosis, 2002; Ojeda et al., 2003) . In addition to interacting with neurons, astroglial cells are in intimate contact with vascular endothelial cells throughout the nervous system (Simard et al., 2003) . The extent and distribution of this relationship have led to the suggestion that glial and endothelial cells form local and higher-order "gliovascular units" that might contribute to establishing the structural and functional architecture of the brain . Although some glial-derived factors affecting endothelial cell physiology have been identified (Zonta et al., 2003) , the possibility that vascular endothelial cells themselves might convey signals to mature glial cells has not been addressed, perhaps because of the difficulties of identifying such events experimentally. These difficulties can be overcome by using an appropriate experimental model. Circumventricular organs of the brain, such as the median eminence of the hypothalamus, offer such a model because they contain an abundance of glial-endothelial contacts amenable to experimental scrutiny. Circumventricular organs are capable of sensing information reaching the brain via the bloodstream and, conversely, conveying information from the brain to the periphery via the release of neurohormones into the circulation (Cottrell and Ferguson, 2004) . In addition to astroglial cells, circumventricular organs are endowed with modified ependymoglial cells (Palkovitz, 1987) . These cells are particularly well developed in the median eminence of the hypothalamus, where they are known as tanycytes (Rutzel and Schiebler, 1980) , and participate in the control of neurosecretion (Prevot et al., 2004) .
The median eminence is the terminal field of neuroendocrine neurons that release their secretory products into the portal vasculature for delivery to the anterior pituitary gland. A dominant structural feature of this region is the abundance of tanycytes, the cell bodies of which line the ventral portion of the third ventricle and send long and slender processes that contact the endothelial wall of the fenestrated portal vessels, via "end-feet" specializations (Rutzel and Schiebler, 1980 ) similar to those of astrocytes contacting the microvasculature everywhere else in the brain (Simard et al., 2003) . These end feet engulf neuroendocrine terminals, a structural arrangement that is most evident in the case of nerve endings containing gonadotropin-releasing hormone (GnRH) (Kozlowski and Coates, 1985; Meister et al., 1988) , the neuropeptide that controls sexual maturation and adult reproductive function. Through the structural reorganization of their end feet, tanycytes regulate the direct access of GnRH nerve terminals to the vascular wall (King and Letourneau, 1994; Prevot et al., 1998 Prevot et al., , 1999a and presumably modulate the release of GnRH into the portal vasculature.
Using the median eminence as a model for neuron-glia-endothelial cell interactions, we now report that vascular endothelial cells use a signaling pathway mediated by nitric oxide (NO) to regulate neuroglial plasticity at the GnRH neurovascular interface. Our findings reveal a distinct role for vascular endothelial cells in controlling the glial ensheathment of neurosecretory axonal terminals in the neuroendocrine brain and raise the possibility that such endothelial cell-to-glia signaling may be broadly used in the CNS to control glial plasticity.
Materials and Methods

Animals
Sprague Dawley rats were purchased from Janvier (Saint Berthevin, France) and B & K Universal (Fremont, CA). They were housed in a room with a controlled photoperiod (14 hr of light and 10 hr of darkness) and temperature (23Ϫ25°C). Animals were allowed access to tap water and pelleted rat food ad libitum. They were used in accordance with the Institut National de la Santé et de la Recherche Médicale and National
Institutes of Health Guidelines for the Care and Use of Laboratory Animals.
All experiments were performed in accordance with the European Communities Council Directive on November 24, 1986 (86/609/EEC) regarding mammalian research, and the experimental protocols were approved by the Oregon National Research Center institutional research animal committee. Although part of the experiments performed on primary cultures of tanycytes, including cell transfection and time-lapse recording, were done in Oregon, all other experiments were conducted in France.
Cell culture
Primary cultures of tanycytes of the median eminence. Tanycytes were isolated from the median eminence of the hypothalamus of 10-d-old rats and cultured as described previously (Prevot et al., 2003b) . After decapitation and removal of the brain, median eminences were dissected and crushed on 80 m nylon mesh (Sefar America Inc., Kansas City, MO) in DMEM and Ham's F12 (1:1) (DMEM/F12; Invitrogen, San Diego, CA) supplemented with 2% (v/v) antibiotics (penicillin/streptomycin; Invitrogen). After enzymatic treatment with 10% (v/v) trypsin/EDTA (1:1) (Invitrogen) for 5 min at 37°C, cells were dissociated, centrifuged at 550 ϫ g for 4 min, and then resuspended in DMEM/F12 supplemented with 10% (v/v) donor calf serum (Invitrogen), 1% (v/v) L-glutamine (Invitrogen), and 2% penicillin/streptomycin. After suspension, singlecell dissociation was achieved by 8 -10 passages through a transfer pipette. Dissociated cells were plated in 75 cm 2 culture flasks (Becton Dickinson Labware Europe, Meylan, France) at a final concentration of 20 -25 median eminence tissue explants per flask and maintained under humid atmosphere of 5% CO 2 -95% air at 37°C. Culture medium was changed after 3-4 d of culture and subsequently every 2 d. On reaching confluence (10 -12 d), the tanycytes were isolated from contaminating cells by overnight shaking at 250 rpm at 37°C and either replated in 10 cm dishes for immunoprecipitation and/or Western blot experiments or seeded in culture plates on poly-L-lysine-coated glass coverslips for immunocytochemical, actin cytoskeleton remodeling and coculture experiments. After reaching 90% confluence, the medium was replaced by a tanycyte-defined medium (TDM) consisting of DMEM/F12 (devoid of phenol red; Invitrogen) supplemented with 1% L-glutamine, 2% penicillin/streptomycin, 5 g/ml insulin (Sigma, Saint Quentin Fallavier, France), and 100 M putrescin (Sigma). The tanycytes were used 2 d later for the experiments.
Primary cultures of hypothalamic astrocytes. Hypothalamic astrocytes were purified from 2-d-old rats, as described previously Prevot et al., 2003a) . After a growth period of 8 -10 d in 75 cm 2 culture flasks containing DMEM/F12 medium supplemented with 10% donor calf serum, 1% L-glutamine, and 2% penicillin/streptomycin, the astrocytes were isolated from contaminating cells by shaking the flasks at 250 rpm at 37°C for one night, replacing the medium, and shaking again for a few hours. Astrocytes were then seeded onto poly-L-lysine-coated coverslips for immunocytochemical studies. After reaching 90% confluence, the medium was replaced by TDM. The astrocytes were used 2 d later for the experiments.
Purification of endothelial cells of the median eminence by sequential immunopanning. Endothelial cells of the median eminence (ECME) were isolated from 10-d-old rats using a procedure adapted from a protocol kindly provided by Dr. Ben Barres (Stanford, CA) (Mi et al., 2001) . In brief, minced median eminence explants were enzymatically dissociated at 37°C for 90 min by using a papain solution (33 U/ml) (Worthington/ Cooper, Lakewood, NJ) in MEM/HEPES (Invitrogen) containing L-cysteine (0.4 mg/ml) (Sigma) and DNase (125 U/ml) (Sigma). Tissues were then triturated in a solution containing ovomucoid trypsin inhibitor solution (2 mg/ml) (Boehringer Mannheim, Mannheim, Germany), DNase (125 U/ml), and BSA (1 mg/ml) (Sigma) to get a suspension of single cells. The suspension was filtered through a 20 m nylon mesh. After centrifugation at 550 ϫ g, single cells were successively panned on a Petri dish coated with an anti-CD90 mouse monoclonal antibody, which recognizes the rat Thy1.1 antigenic determinant (MRC-OX7; Serotec, Oxford, UK), to deplete macrophages and fibroblasts, and on a second Petri dish coated with rat neural antigen (RAN)-2 ascites (LGC Promochem, Molsheim, France) to deplete meningeal cells and type-1 astrocytes; the remaining cells were incubated in a Petri dish coated with Bandeiraea simplicifolia Lectin II (BSLII) (Vector Laboratories, Burlingame, CA), which binds to all vascular endothelial cells. The purified endothelial cells were cultured in DMEM supplemented with 10% fetal bovine serum, 1% L-glutamine, and 2% penicillin/streptomycin until they reached confluence. Then they were recovered by trypsin digestion from the last panning dish and plated in 12-well plates. For coculture experiments, cells were cultured 24 hr before the experiment in TDM containing 1% fetal bovine serum.
Culture of EA.hy926 endothelial cell line. Endothelial cell line EA.hy926 was kindly provided by Dr. C. Edgell (University of North Carolina, Chapel Hill, NC). They derived this cell line by fusing human umbilical vein endothelial cells with the permanent human cell line A459 (Edgell et al., 1983) , which is known to express endothelial NO synthase (eNOS) and to release NO spontaneously (Lindberg et al., 1996) . They were cultured in DMEM supplemented with 10% fetal bovine serum, 1% L-glutamine, and 2% penicillin/streptomycin. Cells were cultured in TDM containing 1% fetal bovine serum 24 hr before coculture experiments.
Coculture of tanycytes with ECME or EA.hy926
To document the ability of endothelial cells to induce actin cytoskeleton remodeling in tanycytes, the major glial cell type of the median eminence, cocultures of tanycytes with ECME or EA.hy926 were performed. Tanycytic cultures seeded on 18-mm-diameter coverslips coated with poly-L-lysine were grown to 90% confluence and cultured for 2 d in TDM containing 1% fetal bovine serum. Tanycytes were then added to a confluent monolayer of vascular endothelial cell separated by glass chips in 12-well plates and cultured for 30 min in fresh TDM plus 1% fetal bovine serum. Thereafter, tanycytes were fixed in 4% paraformaldehyde in 0.1 M PBS, pH 7.4, for actin cytoskeleton visualization, and endothelial cells were processed for Western blot analysis (see below).
The ability of endothelial cells to promote actin cytoskeleton remodeling in tanycytes of the median eminence via NO release was examined by treating endothelial cell cultures either with 1 mM N G -Nitro-Larginine methyl ester (L-NAME; Sigma), a nitric oxide synthase (NOS) inhibitor, or with 500 M L-arginine (L-Arg; Sigma), which is the precursor of NO synthesis and stimulates NOS activity.
Cell treatments
To document the ability of NO to induce actin cytoskeleton modification in isolated tanycytes, 90% confluent cells cultured for 2 d in TDM were exposed to sodium nitroprusside (SNP; Sigma), which is an NO donor. Dose-response studies were performed with SNP (1, 10, 100, 1000 nM) to identify the concentration that had the optimal effect on actin cytoskeleton remodeling, without affecting cell viability. After 30 min of treatment, cultures were fixed with paraformaldehyde (4%) in PBS and rinsed twice. Cells were permeabilized with 0.1% Triton X-100 for 5 min and then stained with Texas Red-X phalloidin (Molecular Probes, Eugene, OR), diluted 1:40 in PBS, for 45 min at room temperature. Phalloidin is a toxin that specifically recognizes the filamentous actin (F-actin). Culture slides were rinsed in PBS, and cell nuclei were stained with Hoechst (Molecular Probes).
To examine the possibility that SNP treatment may have toxic effects on cultured tanycytes, cells treated for 30 min were rinsed and cultured in fresh TDM medium for an additional 24 hr. Afterward, cells were fixed and either processed for actin cytoskeleton labeling or submitted to an in situ cell death detection kit [terminal deoxynucleotidyl transferasemediated biotinylated UTP nick end labeling (TUNEL)] according to manufacturer's instructions (Roche, Mannheim, Germany). Positive controls for TUNEL staining consisted of fixed-cell cultures treated with 10 g/ml DNase I for 10 min at room temperature to induce DNA strand breaks. Fluorescein-dUTP labeling of DNA strand breaks was visualized with a Leica TCS SP confocal system, with a 25ϫ numerical aperture (NA) 0.75 Plan FLUOTAR objective, using the 488 nm line of argon gas laser. The intensity of the laser beam and the sensitivity of the photodetector were kept constant to allow comparison between treatments. At least five optical fields per culture were examined.
To determine the importance of cyclooxygenase (COX) and soluble guanylate cyclase (sGC), which are two known targets of NO (Bredt and Snyder, 1992; Salvemini et al., 1993; Koesling and Friebe, 1999) , in NOmediated actin cytoskeleton remodeling in tanycytes of the median eminence, tanycytes were treated with SNP for 30 min in the presence of 2 M 1H-[1,2,4] oxadiazolo [4,3-a] quinoxalin-1-one (ODQ; Calbiochem, La Jolla, CA, and Meudon, France), a selective inhibitor of sGC, or 25 M indomethacin (Sigma), a selective blocker of COX. At the end of the treatment, the cells were processed for actin cytoskeleton staining.
Determination of actin cytoskeleton remodeling
Texas Red-X phalloidin-stained cultures were imaged using a coolPix camera (Roper Scientific, Tucson, AZ) attached to a Zeiss Axioscope fluorescent microscope and analyzed using MetaMorph 5.0 (Universal Imaging, West Chester, PA). For each culture chamber, three fluorescence images at different locations were recorded randomly at 400ϫ magnification. The image resolution was set to 1276 ϫ 1016 pixels and stored in TIF format. When the cells were confluent, each image contained ϳ25-35 cells visualized by Hoechst stain (data not shown). For each image, the total number of cells was counted. Then cells belonging to class 1, class 2, and class 3 were counted sequentially. With this method, each cell was counted only once and thus reported in only one group. The results obtained from the analysis of the three fields per chamber were added, and the percentage of cells belonging to each class was calculated. For each experimental condition, at least six chambers were analyzed, and the results were averaged. Each experiment was repeated at least three times in independent cultures. To avoid bias introduced by an observer, quantifications were repeated by an independent investigator unaware of experimental conditions.
Cell transfection and time-lapse recording experiments
Primary cultures of tanycytes were transfected with 2 g enhanced green fluorescent protein (pEGFP)-actin (Clontech, Palo Alto, CA), a vector that encodes a fusion protein consisting of the red-shifted, human codon-optimized variant of green fluorescent protein and the gene encoding human cytoplasmic ␤-actin. The cells were seeded into 60 mm culture chambers (MatTekCorp, Ashland, MA) containing a poly-Llysine-coated glass coverslip bottoms, grown to 80% confluence, and transfected for 3 hr with Lipofectamin reagent (Invitrogen, Grand Island, NY) in OptiMEM (Invitrogen). After transfection, the cells were cultured in TDM for 48 hr. Then the tanycytes maintained in Leibovitz's L15 medium (Invitrogen) without phenol red containing 5 g/ml insulin and 100 M putrescine were placed under perfusion (5 ml/hr at 37°C) in a temperature-controlled microscope stage microincubator (Harvard Apparatus, Holliston, MA). Living cells were imaged every 15 min for 30 min using a Leica TCS SP confocal system, with a 25ϫ NA 0.75 PL FLUOTAR objective, using the 488 nm line of argon gas laser. Stack images were built in MetaMorph 5.0 (Universal Imaging).
Fluorescent staining
The brains of 10-d-old rats were fixed by transcardiac perfusion with 4% paraformaldehyde in 0.1 M PBS, pH 7.4, cryoprotected, and postfixed in the same fixative solution containing 20% sucrose overnight at 4°C, embedded in Tissue Tek (Miles, Elkhart, IN) , and frozen in liquid nitrogen. Cryostat sections (14 m) were mounted on chrome-alum-gelatincoated slides, air dried, and subjected to fluorescent staining using a procedure described previously (Prevot et al., 1998 (Prevot et al., , 2003a . Briefly, the primary antisera were diluted in 0.02 M potassium PBS, pH 7.4, containing 2% heat-inactivated normal goat serum and 0.3% Triton X-100 and incubated overnight at 4°C with sections. GnRH was detected with a rabbit polyclonal antibody (Beauvillain and Tramu, 1980) diluted 1:3000. Tanycytes of the median eminence were identified with a mouse monoclonal antibody to dopamine and cAMP-regulated phosphoprotein (DARPP)-32 #C24-5a, kindly provided by Dr. Hugh Hemmings (Weill Medical College of Cornell University, New York, NY), diluted 1:20,000 (Ouimet et al., 1984; Hemmings and Greengard, 1986; Meister et al., 1988) . The reactions were developed by incubation for 1 hr at room temperature with FITC-conjugated goat anti-rabbit IgGs (1:400; Jackson ImmunoResearch, West Grove, PA), biotin-conjugated goat-anti mouse IgGs (1:500; Jackson ImmunoResearch), and then streptavidin-Alexa Fluor 633-conjugated goat anti-mouse IgGs (1:500; Molecular Probes). The vascular endothelial cells were visualized with tetramethylrhodamine isothiocyanate (TRITC)-conjugated Bandeiraea simplicifolia Lectin (1:600; Sigma). Cultured cells on coverslips were treated similarly. Astrocytes were identified with a rabbit polyclonal antibody to GFAP (1:1000; Dako, High Wycombe, UK). Sites of focal adhesion were visualized by using an anti-paxillin mouse monoclonal IgG, clone 5H11 (10 g/ml; Upstate Biotechnology, Lake Placid, NY).
Immunoprecipitation
After treatment, cells in 10 cm dishes were rinsed with ice-cold PBS and snap frozen on dry ice. Cells were then thawed quickly, and proteins were immediately extracted with fresh lysis buffer (25 mM Tris, pH 7.4, 50 mM ␤-glycerophosphate, 1% Triton X-100, 1.5 mM EGTA, 0.5 mM EDTA, 1 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 10 g/ml leupeptin and pepstatin A, 10 g/ml aprotinin, 100 g/ml PMSF). The protein content of cell extract was determined using the Bradford method (Bio-Rad, Hercules, CA). Equal amounts of protein (700 -800 g) contained in a total volume of 750 l of lysis buffer were incubated with 4 g of anti-paxillin mouse monoclonal IgG (Upstate Biotechnology) with gentle rocking at 4°C for 2 hr. Thereafter, 20 l of protein-G agarose (Santa Cruz Biotechnology, Santa Cruz, CA) was added to the antibody-antigen complex and incubated for 1 hr at room temperature. The agarose beads were collected by centrifugation, washed twice with ice-cold lysis buffer, and boiled for 5 min in 50 l of 2ϫ sample buffer (187 mM Tris-base, 9% SDS, 15% glycerol, 15% ␤-mercaptoethanol, and 86 M bromophenol blue, pH 6.8). Samples were stored at Ϫ80°C until use.
Western blotting
Samples were boiled again for 5 min after thawing and size-fractionated in 4 -20% polyacrylamide-SDS precast gels (Invitrogen). After electrophoresis the proteins were transferred onto polyvinylidene difluoride (PVDF) membranes (Invitrogen) for 2 hr on ice at room temperature. The membranes were blocked in 2.5% enzyme immunoassay-grade gelatin (Bio-Rad) in Tris-buffered saline (TBS; 0.05 M Tris, pH 7.4, 0.15 M NaCl) for 1 hr at 37°C and subjected to phosphotyrosine immunoblotting using the 4G10 monoclonal antibody (1.5 g/ml; Upstate Biotechnology) overnight at room temperature. To develop the immunoreaction, the blots were incubated with horseradish peroxidase-conjugated secondary antibodies (Sigma) for 1 hr at room temperature and developed using enhanced chemiluminescence (NEN, Boston, MA). After stripping (62.5 mM Tris HCl, pH 6.7, 2% SDS, 100 mM ␤-mercaptoethanol; 30 min at 60°C), the membranes were reprobed with a goat polyclonal antibody against actin (1:1000; Santa Cruz Biotechnology) or paxillin (1:500).
To characterize primary cell cultures, endothelial cells cultured in 12-well plates were extracted in boiling 1ϫ sample buffer, and glial cells cultured in 10 cm dishes were rinsed in ice-cold PBS, snap frozen on dry ice, and then quickly thawed; proteins were immediately extracted with fresh lysis buffer. After electrophoresis of an equal amount of proteins and transfer on PVDF membrane, blots were blocked in TBS containing 0.05% Tween 20 and 5% milk for 1 hr at room temperature and exposed overnight at 4°C either to an anti-DARPP-32 rabbit polyclonal antibody (1:1000; Cell Signaling Technology, Beverly, MA) or to an anti-eNOS rabbit polyclonal antibody, sc-654 (1:500; Santa Cruz Biotechnology).
Assessment of ultrastructural changes induced by NO production in median eminence tissue
To determine whether activation of endogenous NO production promotes morphological changes in the external zone of the median eminence, ex vivo experiments were performed. Female rats weighting 230 -250 gm with regular estrous cycles were killed on the day of diestrus 2 (vide infra) by decapitation. After rapid removal of the brain, a block of neural tissue encompassing the periventricular zone of the tuberal region of the hypothalamus containing the median eminence was microdissected under a binocular magnifying glass. The hypothalamic explants, which were handled with care so that the median eminence was not damaged, were delineated by the posterior border of the optic chiasm, the anterior border of the mammillary bodies, and (laterally and dorsally) by the fornix. The total dissection time never exceeded 3 min. Hypothalamic tissues were placed in six-well plates and preincubated 30 min at 37°C in 2 ml of Krebs'-Ringer's bicarbonate buffer, pH 7.4, containing 4.5 mg/ml D-dextrose, and 5 M tetrodotoxin to inhibit neurotransmitter release through the activation of voltage-gated sodium channels, under an air atmosphere containing 5% CO 2 . After this preincubation period, tissues were placed in fresh medium containing either 500 M L-arginine (treated group; n ϭ 3), which stimulates the production of NO by endogenous NOS, or not (control group; n ϭ 3) for an additional 30 min incubation period. Explants were subsequently processed for electron microscopy as described previously (Prevot et al., 1998 (Prevot et al., , 1999a . Briefly, tissues were fixed by immersion in a mixture of 2% paraformaldehyde, 0.2% picric acid, 0.1% glutaraldehyde, in 0.1 M phosphate buffer, pH 7.4, for 2 hr at 4°C. Tissues were postfixed for 1 hr at room temperature with 1% OsO 4 in phosphate buffer. After dehydration, pieces of tissue were embedded in Araldite. Semithin sections (1-2 m thick) were used to progressively approach and identify the portion of the median eminence where the ultrastructural studies were performed, i.e. the area where the pituitary stalk becomes distinct from the base of the hypothalamus but still remains attached to it by the hypophysial portal vasculature system (Prevot et al., 1998 (Prevot et al., , 1999a . This area, which does not extend Ͼ20 m, contains high numbers of GnRH fibers. To detect GnRH immunoreactivity, ultrathin sections (80 -90 nm thick) collected on Parlodion 0.8% isoamyl acetate-coated 100 mesh grids (EMS, Fort Washington, PA) were treated using an immunogold procedure described previously (Prevot et al., 1998 (Prevot et al., , 1999a . Briefly, after a preliminary treatment with H 2 O 2 (10%; 8 min) and a blocking step in TBS (0.1 M Tris, pH 7.4, 0.15 M NaCl) containing 1% normal goat serum and 1% bovine albumin serum (TBSB) (10 min at room temperature), the grids were floated on a drop of the following reagents and washing solutions: (1) rabbit anti-GnRH (1: 5000) in TBSB for 60 hr at 4°C, (2) TBS to remove excess antibodies (three times for 10 min), (3) colloidal gold (18 nm)-labeled goat antirabbit immunoglobulins (Jackson ImmunoResearch) 1:20 in TBS (0.1 M Tris, pH 7.4, 0.5 M NaCl) for 90 min at room temperature, (4) TBS (three times for 10 min), and (5) distilled water (three times for 10 min). The sections were also counterstained with uranyl acetate and lead citrate before observation. Studies on the specificity of the GnRH antisera have been described previously (Beauvillain and Tramu, 1980) . Immunostained ultrathin sections were examined with a Zeiss transmission electron microscope 902 (Leo, Rueil-Malmaison, France).
Intracerebral infusion of an inhibitor of NOS activity
To determine the importance of functional NOS activity within the median eminence for the central control of the reproductive cycle, in vivo experiments were performed. L-NAME, an inhibitor of NOS activity, was chronically infused into the median eminence of the brain (bregma: Ϫ3.6 mm, 9.5 mm deep from the skull) (Paxinos and Watson, 1982) by a stereotaxically implanted infusion cannula (Plastics One, Roanoke, VA) connected to a subcutaneously implanted Alzet mini-osmotic pump (Alzet Corporation, Palo Alto, CA). The pumps (model 2002) have a flow rate of 0.5 l/h and a capacity of 200 l, resulting in a delivery period of 14 -16 d. Each pump was loaded with sterile 0.9% NaCl containing 5 mM L-NAME or no L-NAME. After connection to the infusion device and overnight priming in 0.9% NaCl at 37°C, the assembly was implanted into a 230 -250 gm rat with regular estrous cycles. Estrous cycle was monitored before and after surgery by daily inspection of vaginal cytology: diestrus 1 and 2 were defined by the presence of a predominance of leukocytes in the vaginal lavage, the day of proestrus was characterized by a predominance of nucleated rounded epithelial cells in vaginal smears, and the day of estrus was distinctively characterized by large numbers of cornified squamous epithelial cells, which occur in clusters. Subsequent to the infusion experiment, animals were killed to determine the implantation site of the cannula and assess exhaustion of the infusion solution.
Statistics
The differences between several groups were analyzed by one-way ANOVA followed by the Student-Newman-Keuls multiple comparison test for unequal replications. The level of significance was set at p Ͻ 0.05. To compare percentages, groups were subjected to arc-sine transformation before statistical analysis to convert them from a binomial to a normal distribution.
Results
Primary culture of tanycytes and purification of vascular endothelial cells from the rat median eminence
To determine whether endothelial cells of the median eminence are capable of inducing tanycyte plasticity, we used a primary culture of tanycytes and developed a sequential panning method to purify vascular endothelial cells from the rat median eminence on postnatal day 10 (P10). Figure 1 shows in vivo characterization of tanycytes and endothelial cells within the median eminence at P10.
Like tanycytes in vivo (Meister et al., 1988) , isolated tanycytes in culture express DARPP-32 (Fig. 2a) . In contrast, neither hypothalamic astrocytes in vivo nor cultured hypothalamic astrocytes (Fig. 2a) contain DARPP-32 (Chauvet et al., 1996; Prevot et al., 2003b) . To purify ECME, we incubated enzymatically dissociated P10 median eminence cells first on a panning dish coated with a monoclonal anti-Thy1.1 antibody to deplete microglia and meningeal fibroblasts (Mi and Barres, 1999) and second on a dish coated with a monoclonal anti-RAN-2 antibody to retain astrocytes and ependymal cells (Bartlett et al., 1981) . The remaining floating cells were incubated on a third dish coated with BSLII, which selects endothelial cells (Mi et al., 2001) . ECME were then removed from the BSLII-coated dish by trypsinization, seeded onto 12-well plates, and grown to confluence.
In agreement with previous results in vivo (Prevot et al., 2000) , purified ECME in culture expressed high levels of eNOS protein (Fig. 2b) . The level of eNOS expression in ECME was comparable with those seen in EA.hy926 cells (Fig. 2b) , a human endothelial cell line previously shown to express eNOS (Lindberg et al., 1996) . In contrast, primary cultures of tanycytes were devoid of eNOS (Fig. 2b) . The purity of ECME cultures was verified by immunocytochemistry using polyclonal antibody against von Willerbrandt factor that brightly stained Ͼ95% of cultured ECME (data not shown). Moreover, ECME and EA.hy926 cells exhibited similar morphologies in confluent cultures (Fig. 2c) .
Purified endothelial cells of the median eminence promote rapid actin cytoskeleton remodeling in tanycytes via the release of a labile diffusible factor To investigate whether endothelial cells convey signals to ependymoglial cells capable of inducing the remodeling of their cytoarchitecture, we cultured tanycytes over a conditioning layer of purified ECME. The tanycytes were cultured on coverslips that were placed on top of the ECME monolayer so that the tanycyte monolayer faced toward the endothelial cells. After 30 min, we stained the tanycytes with Texas Red-conjugated phalloidin to visualize F-actin. In control cells cultured without ECME, a substantial fraction of the actin filaments were located adjacent to the cell membrane (Fig. 3a, arrowheads) , with a more diffuse localization to the cytoplasm. In contrast, in the presence of ECME, bundles of actin filaments formed heavy parallel stress fibers arranged along the entire longitudinal axis of the cell (Fig. 3b, arrows) . We next exposed tanycytes to ECME-conditioned culture medium for 30 min (instead of ECME) and found that this treatment failed to promote stress-fiber formation (data not shown). Thus ECME appear to promote changes in tanycytic cytoskeleton via the release of a highly labile diffusible factor.
Because our previous studies showed that endothelial cells of the median eminence release spontaneously the gaseous messenger NO (for review, see Prevot et al., 2004) , we tested the possibility that ECME-induced actin cytoskeleton remodeling in tanycytes was caused by NO. Pretreatment of endothelial cells with L-NAME (1 mM), an inhibitor of NO synthesis, prevented the formation of actin stress fibers in tanycytes cocultured with ECME (Fig. 3c) . To verify that endothelial NO is able to promote changes in the actin cytoskeleton of tanycytes, we cocultured isolated ependymoglial cells with the endothelial cell line EA.hy926. These cells release NO spontaneously (Lindberg et al., 1996) . Like purified ECME, EA.hy926 cells promoted L-NAME-sensitive formation of stress fibers in cocultured tanycytes ( Fig.  3d-f ) . To quantify the reorganization of actin cytoskeleton induced by endothelial cells, we classified the tanycytes into three different phenotypes according to the distribution of filamentous actin (Fig. 4a) . These phenotypic classes were defined as follows. Class 1 comprised cells with cortical actin; in these cells actin is present mostly adjacent to the cell membrane. Few if any stress fibers are detected (Fig. 4a1) . Stress fibers are parallel actin fibers transversing the cytoplasm along the major axis of the cell. Class 2 comprised cells with both cortical actin and light stress fibers (Fig. 4a2) , and class 3 comprised cells without cortical actin and with heavy stress fibers (Fig. 4a3) . Quantitative analysis showed that under basal control conditions, most tanycytes had an actin distribution typical of class 1 cells, i.e., with a predominance of the filaments near the cell membrane (Fig. 4b) . In contrast, this distribution was observed only in a minority of tanycytes cocultured for 30 min with EA.hy926 cells (Fig. 4b) . Instead, most EA.hy926-exposed tanycytes had the features of class 3 cells, i.e., with a predominance of actin filaments organized in heavy stress fibers (Fig. 4b) . When tanycyte cocultures were treated with L-NAME to inhibit NO synthesis, there was a significant increase in class 1 cells, i.e., cells showing mostly cortical actin, and a concomitant reduction in the number of class 3 cells exhibiting mostly stress fibers (Fig. 4b) . Thirty percent of cells in this group had the intermediate class 2 phenotype, i.e., showing both cortical actin and stress fibers (Fig. 3a2 ), but this number did not achieve statistical significance when compared with control cells (20%, class 2) or tanycytes cocultured with EA.hy926 cells (10%, class 2). These findings suggest that NO release is necessary for endothelial cells to promote rapid cytoskeleton remodeling in tanycytes.
NO promotes acute remodeling of actin cytoskeleton in tanycytes
To determine whether NO is able to trigger actin cytoskeleton remodeling in tanycytes of the median eminence on its own, tanycytic cultures were treated with different concentrations (1, 10, 100, and 1000 nM) of SNP, an NO donor, for 30 min at 37°C. Quantitative analysis revealed that although 1 and 10 nM SNP had no overt effect on actin cytoskeleton reorganization when compared with controls, 100 and 1000 nM SNP induced both the formation of heavy actin stress fibers and the disappearance of cortical actin in Ͼ80% of the tanycytes (data not shown). To rule out the possibility of an SNP toxic effect, we treated tanycytes with SNP for 30 min and then cultured them in fresh TDM for an additional 24 hr before examining them for programmed cell death. No DNA fragmentation was detected using either Hoechst 33342, a membrane-permeable DNA stain, or TUNEL staining (data not shown). SNP was then used at a 100 nM concentration in subsequent experiments. Figure 5a shows that as in coculture experiments, actin cytoskeleton organization changed dramatically after the tanycytes were treated for 30 min with SNP. Although the majority of untreated tanycytes exhibited the actin cytoskeleton class 1 phenotype (75.6 Ϯ 1.6%) (Fig. 5a ), most SNP-treated cells (79.5 Ϯ 2.7%) adopted the actin cytoskeleton class 3 phenotype. Tanycytes analyzed 24 hr after SNP treatment had partially recovered the basal actin cytoskeleton phenotype, with 41 Ϯ 5.2% of the cells being classified as class 1 phenotype and 41.2 Ϯ 4.4% as class 2 (data not shown).
To further dissect the effects of NO on tanycytic cytoarchitecture, we performed time-lapse experiments over a 30 min period on primary cultures of tanycytes transiently transfected with a construct expressing an actin-EGFP fusion protein. Figure 5b shows fluorescent images of a cell imaged before (left panel), during (middle panel), and 30 min after (right panel) treatment with 100 nM SNP. Although transfected tanycytes overexpressed green fluorescent actin in both monomeric (G-actin) and polymeric forms (F-actin), giving rise to an increased background fluorescence (Fig. 5b) , both stress fibers (arrows) and cortical actin (arrowheads) were clearly recognized and overlapped with F-actin detected by staining the cells with phalloidin after the timelapse study (data not shown). Within 15 min of treatment, the parallel stress fibers traversing the cell became more condensed (Fig. 5b, middle  panel) , and this change became more obvious after 30 min (Fig.  5b, right panel, arrows) . At this time, it was apparent that some cortical actin filaments (Fig. 5b, left and middle panels, arrowheads) had moved inward to eventually form stress fibers (Fig. 5b  right panel, arrows) .
NO-stimulated actin cytoskeleton remodeling in tanycytes requires both sGC and COX activities NO mediates most of its biological effects by binding to the prosthetic heme group of the enzyme NO-sensitive guanylyl cyclase, resulting in increased production of cGMP (Koesling and Friebe, 1999; Bredt, 2003) . NO can also regulate the activity of COX 1 Figure 3 . Ability of endothelial cells to promote plastic rearrangements of actin cytoskeleton in isolated tanycytes as assessed by coculture experiments. Tanycytes were cultured alone or suspended above a conditioning layer of purified ECME (a-c) or EA.hy926 cell line (d-f ) for 30 min and then stained with Texas Red-conjugated phalloidin to visualize filamentous actin (red) as well as with the Hoechst nuclear stain (blue). Under basal conditions, actin had a localization adjacent to the cell membrane (arrowheads) and also was diffused throughout the cytoplasm. In contrast, tanycytes cultured with endothelial cells for 30 min exhibited bundles of actin filaments forming parallel stress fibers (arrows) running over the length of the cells and did not exhibit cortical actin. These phenotypic changes were prevented by pretreating the endothelial cells with L-NAME (1 mM), indicating that endothelial cell-induced actin cytoskeleton remodeling in tanycytes was linked to NO secretion. Scale bar, 20 m. (Meister et al., 1988) , in primary cultures of tanycytes (Tan), cultured hypothalamic astrocytes (HA), and the median eminence (ME). Fifty micrograms of protein were loaded in each well. Note that although DARPP-32 is highly expressed in cultured tanycytes, its expression is barely detectable in primary cultures of hypothalamic astrocytes. b, Western blot analysis of eNOS in cultured tanycytes, purified vascular ECME, EA.hy926 endothelial cell line (EA), and the median eminence. c, Phase-contrast micrograph showing the morphology of tanycytes in culture, purified ECME, and EA.hy926 cell line. Although tanycytes in culture exhibit a thin and elongated shape, both ECME and EA.hy926 appear as small polygonal cells. Scale bar, 150 m. and 2, other heme-containing enzymes, and thus elicit prostaglandin release (Salvemini et al., 1993) . To determine whether activation of sGC and/or COX is required for the NO-mediated actin cytoskeleton remodeling of tanycytes, we examined the effects of ODQ and indomethacin, two potent inhibitors of sGC and COX activities, respectively, on NO-induced tanycytic plasticity. Figure 5a shows that both ODQ (2 M) and indomethacin (25 M) nearly abolished SNP-induced actin cytoskeleton remodeling in tanycytes, whereas ODQ and indomethacin had no effect on F-actin organization on their own (data not shown).
NO-stimulated actin cytoskeleton remodeling in tanycytes is associated with changes in focal adhesions
Because stress fibers are bundles of F-actin that end in focal adhesion points (Schmidt and Hall, 1998) and because paxillin is a multidomain adaptor involved in the temporospatial regulation of focal adhesion formation and actin cytoskeletal organization in motile cells (Turner, 2000) , we investigated whether NOinduced reorganization of filamentous actin was parallel to changes in paxillin subcellular localization. Figure 6a shows that SNP-induced formation of transcytoplasmic actin stress fibers is associated with the appearance of new points of focal adhesions. Although in control conditions paxillin coalesces into large clusters containing aggregated F-actin (Fig. 6a, large arrow) , SNP treatment recruits paxillin immunoreactivity to multiple smaller clusters consisting of punctuated plaques to which actin stress fibers appear to be anchored (Fig. 6a, small arrows) . Because paxillin phosphorylation by tyrosine kinases is important in regulating the dynamics of focal adhesion and the associated actin network (Richardson et al., 1997) , we determined whether the NO-coordinated macroaggregation of paxillin at focal adhesion points connected to actin stress fibers was associated with changes in tyrosine phosphorylation of paxillin. Figure 6b shows that NO treatment results in decreased paxillin phosphorylation and that this decrease is prevented by blocking either sGC or COX enzyme activity with ODQ and indomethacin, respectively. Because a decrease in paxillin phosphorylation has been associated with enhanced cell motility (Yano et al., 2000) , these findings suggest that endothelial NO increases tanycyte plasticity by forming focal adhesion points via a signaling pathway involving induction of sGC and/or COX activities and paxillin dephosphorylation.
Activation of endogenous NO secretion induces morphological plasticity in the median eminence in situ
To determine whether NO elicits morphological changes in tanycytes in situ as it does in vitro and whether such changes impact neuron-glia interactions in the median eminence, we studied the effect of endogenous NO production on the association of tanycytes with GnRH nerve endings at the ultrastructural level. Hypothalamic explants containing the median eminence were treated for 30 min with L-arginine (500 M), a well established activator of eNOS (Hardy and May, 2002) , and then processed for electron microscopy (Fig.  7) . We used hypothalamic explants from rats killed on the day of diestrus, a phase of the estrous cycle when direct access of GnRH nerve terminals to the portal vasculature is prevented by the presence of tanycytic end feet (Prevot et al., 1998 (Prevot et al., , 1999a . Ultrastructural examination of GnRH-immunoreactive fibers in 15-20 ultrathin sections per explant revealed that L-arginine treatment resulted in the formation of neurohemal junctions between GnRH axons and endothelial cells of the median eminence (Fig.  7b) . In contrast, and in agreement with our previous results (Prevot et al., 1998 (Prevot et al., , 1999a , no such structural relationship was detected in untreated hypothalamic explants (Fig. 7a) . In the absence of treatment, GnRH fibers were away from the pericapillary space and were often enwrapped by a single tanycytic end foot (Fig. 7a) . In the presence of L-arginine, many GnRH nerve endings were found to be in close proximity to the parenchymatous basal lamina that delineates the pericapillary space (Fig. 7b, white  arrow) . In these areas tanycytic processes were much less conspicuous (Fig. 7b, black arrows) . The GnRH neuron-endothelial cell connections were most often established at basal laminapericapillary space evaginations (Fig. 7b, white arrow) . These evaginations also appeared occasionally in the nervous parenchyma in the immediate proximity of GnRH axon terminals after L-arginine treatment (data not shown), suggesting that tanycytic processes were undergoing morphological changes at these precise locations. 
Infusion of an NO synthesis inhibitor targeted to the median eminence disrupts female reproductive cyclicity
To determine the physiological importance of median eminence NO signaling in the control of mature reproductive function, adult female rats with regular estrous cycles were treated with L-NAME, the NOS inhibitor used in the in vitro studies. The compound was applied to the median eminence of the hypothalamus (Fig. 8a ) via a cannula connected to a subcutaneously implanted osmotic minipump. Examination of the estrous cycle during 2 weeks subsequent to the initiation of the treatment showed disruption of estrous cyclicity within a few days of infusion (n ϭ 6) (Fig. 8) . L-NAME-infused rats showed a preponderance of days in the diestrous phase of the cycle and a concomitant reduction of days in proestrus and estrus. In contrast, control animals infused with the L-NAME vehicle had normal 4 d estrous cycles (n ϭ 5) (Fig. 8b) . Importantly, after the content of the pump was exhausted (i.e., after 14 d of infusion), animals treated with the NOS inhibitor that were allowed to survive an additional week recovered normal estrous cyclicity (Fig. 8b ,c, recovery) (n ϭ 3). L-NAME infusions rostral to the median eminence area, in the ventral part of the periventricular zone of the anterior region of the hypothalamus [retrochiasmatic (RCh) area], which is devoid of GnRH nerve terminals and cell bodies, did not reproduce the Figure 5 . NO promotes actin cytoskeleton remodeling in cultured tanycytes and requires both sGC and COX activities to exert these effects. a, SNP (100 nM; 30 min), an NO donor, was sufficient to induce dramatic actin cytoskeleton remodeling in tanycytes cultured in tanycytedefined medium. SNP caused the disappearance of cortical actin (arrowheads) and the formation of stress fibers (arrows). Blockade of sGC and COX activities abolished the effect of SNP on actin cytoskeleton remodeling. To block sGC and COX activities, tanycyte cultures were pretreated for 30 min with ODQ (2 M) and indomethacin (25 M), respectively, and incubated for an additional 30 min in the presence of SNP (100 nM). Concomitant treatment of tanycytes with SNP and either sGC or COX inhibitors abrogated the ability of SNP to cause cortical actin (arrowheads) to disappear and to promote actin stress fiber formation (arrows). Texas Red-conjugated phalloidin was used to visualize filamentous actin (red), and Hoechst was used to stain nuclei (blue). Quantitative analysis of the plastic changes elicited by SNP and their inhibition is shown in the bar graph (n ϭ 3 independent cultures). Scale bars, 15 m. b, Time-lapse recording of SNP effects on primary cultures of tanycytes transiently transfected with a construct expressing actin-EGFP fusion protein. Both G-actin and F-actin were visualized by fluorescent microscopy (green puncta in the background and green filaments, respectively). The same cell was imaged before (left panel) and at 15 and 30 min after the initiation of SNP treatment (middle and right panels, respectively). SNP (100 nM) promotes cortical actin filaments (arrowheads) to gradually move inward and form actin stress fibers traversing the cell (arrows). SNP treatment also caused formation of parallel actin stress fibers in transfected tanycytes (30 vs 0 min). Scale bar, 20 m. Figure 6 . Effect of NO donors on focal adhesion reorganization and paxillin phosphorylation in cultured tanycytes. a, Immunofluorescent microscopy localization of paxillin (green) in cultured tanycytes. Under control conditions, paxillin coalesces into large structures that contain aggregated F-actin (red; arrows). SNP treatment recruits paxillin immunoreactivity to a type of structure consisting of punctuate plaques to which actin stress fibers are anchored (small arrows). Scale bars, 20 m. b, Treatment of tanycytes with SNP results in lower levels of paxillin tyrosine phosphorylation. Tanycytes were cultured in tanycyte-defined medium and exposed to SNP (100 nM) for 30 min. Pretreatment of tanycyte cultures with both ODQ (2 M) and indomethacin (25 M) for 30 min blocked SNP-induced changes in paxillin phosphorylation. Proteins were collected after treatment and immunoprecipitated (IP) with a specific paxillin antibody, electrophoresed to size fractionate the immunoprecipitated species, and immunoblotted (IB) with antibodies to phosphotyrosine (4G10). Then immunoblots were stripped and reprobed with the antibody to paxillin. A representative blot from four independent experiments is shown.
disruptive effect of the median eminence infusions (n ϭ 3) (Fig.  8c) . These results indicate that NO secretion within the median eminence and the changes in the glia-neuronal-endothelial relationship that occur as a result of NO actions are required for the normalcy of female reproductive cyclicity.
Discussion
The present study identifies vascular endothelial cells as a new regulatory component of brain plasticity. Our results show that endothelial cells promote acute morphological changes in ependymoglial cells of the median eminence and thus provide a significant regulatory input to the dynamic interaction that exists between these cells and neurosecretory axons of the neuroendocrine brain. We show that endothelial cells affect plasticity, at least in part, through the diffusion of the labile factor NO. Previous studies have suggested that NO is a short-action rapidly diffusible mediator of "volume" transmission (Agnati et al., 1995) capable of coordinating neuroglial inputs in a restricted brain volume via activation of multiple cytosolic enzymes (Gally et al., 1990; Bredt and Snyder, 1992) . Our results are in keeping with this view. Moreover, by demonstrating the ability of endothelial cells to regulate the access of neurosecretory axons to the blood stream, they define the median eminence of the hypothalamus as a functional brain microdomain Zonta et al., 2003) in which endothelial and glial cells interact to regulate neuronal activity.
Endothelial cells of the median eminence use a signaling pathway mediated by NO to promote cytoarchitectural changes in ependymoglial cells. The dynamic changes in the assembly of focal adhesions and the concomitant recruitment of actin stress fibers induced by NO are a prerequisite for changes in cell shape (Turner, 2000) and may thus provide a driving force for acute cell movement (Tapon and Hall, 1997) in tanycytes. The finding that the inhibition of either sGC or COX abrogated both NOmediated actin cytoskeleton remodeling and changes in focal adhesions in tanycytes indicates that the intracellular mechanisms underlying the stimulatory effect of NO on tanycyte plasticity involve the participation of both cGMP and prostaglandins-thromboxanes. Cyclooxygenase products are also involved in the control of "long-term," growth factor-induced ependymoglial cell plasticity because they are required for TGF␣ to elicit sequential changes in outgrowth and retraction of tanycytic processes over a 24 hr period (Prevot et al., 2003b) . Thus ependymoglial cell plasticity appears to be under the control of two complementary mechanisms. One, set in motion by endothelial cells within minutes, requires the rapid actions of NO; the other, initiated by astroglial cells and tanycytes themselves, becomes apparent after a lag time of hours rather than minutes and involves the activation of TGF␣-erbB-1 receptor-dependent signaling (Prevot et al., 2003b) .
In addition to providing direct evidence for an involvement of cyclooxygenase products in eliciting ependymoglial cell plasticity, our results indicate that endothelial NO also facilitates axonal remodeling. In vitro activation of NO production results in advancement of GnRH secretory terminals toward the pericapillary space of the median eminence. Conversely, in vivo blockade of NO synthesis arrests estrous cyclicity in the diestrous stage, a phase of the cycle in which GnRH axons are enwrapped by tanycytic end feet (Prevot et al., 1998 (Prevot et al., , 1999a and thus are kept away from the portal vasculature. Although the present studies do not conclusively identify the downstream events underlying these NO-dependent effects on axonal plasticity, the ability of endothelial NO to activate sGC in tanycytes implicates these cells as intermediates and cGMP as an effector molecule. The recent demonstration of an involvement of NOcGMP signaling in axonal elongation and/or growth cone orientation (Song et al., 1998; Seidel and Bicker, 2000; Nishiyama et al., 2003) supports this interpretation. Furthermore, although inferential, support for this view is provided by a recent report (Wark et al., 2002) showing that NO released in response to synaptic activity promotes synaptic formation in retinal ganglion cells in vitro and that this effect requires glial intermediary. Although by definition neurosecretory neurons projecting to the median eminence do not communicate with non-neural target cells via synaptic contacts, they do form well defined neurovascular junctions with endothelial cells of the portal vasculature. As such, and for mechanistic purposes, these junctions can be considered the neuroendocrine counterpart of synaptic contacts.
The physiological importance of the aforementioned NOmediated cell-cell communication processes is highlighted by the results of our in vivo studies showing that targeted blockade of NO release from the median eminence resulted in disruption of female reproductive cyclicity. The estrous cycle of animals injected with L-NAME, an NO synthesis blocker, remained suspended at the diestrous phase, a stage during which GnRH release is low (Levine and Ramirez, 1982) and direct contacts between GnRH axon terminals and endothelial cells are not detected (Prevot et al., 1998 (Prevot et al., , 1999a . Activation of endogenous NO secretion in the median eminence of the hypothalamus induces ultrastructural changes, allowing GnRH nerve terminals to form direct neurovascular junctions. Representative electron micrographs of GnRHimmunoreactive nerve terminals (15 nm gold particles; black arrowhead) from female rat median eminence explants incubated 30 min in the presence ( b) or absence ( a) of L-Arg (500 M). Under basal unstimulated conditions (control), the GnRH axonal endings (black arrowhead) were separated from the pericapillary space (p.s.) (delineated by the parenchymatous basal lamina; white arrow). Most of the nerve endings were enwrapped by single tanycytic end feet (Tan.), and none was seen to contact directly the basal lamina in three independent explants. GnRH nerve terminals forming neurovascular junctions (i.e., contacting directly the pericapillary space) (c, white arrow), were detected in each L-Arg-treated median eminence explant (n ϭ 3). Very few tanycytic processes remained around those GnRH nerve endings that had direct access to the pericapillary space (black arrows). Noticeable neurohemal junctions were established most often at basal lamina-pericapillary space evaginations (white arrow). Scale bars, 1 m.
NO release from median eminence endothelial cells varies according to the endocrine condition of the animal (Prevot et al., 1999b (Prevot et al., , 2000 Knauf et al., 2001a,b) and in particular according to the circulating levels of gonadal steroids such as estradiol (Prevot et al., 1999b (Prevot et al., , 2000 Knauf et al., 2001a,b) . These features and the present results suggest that vascular endothelial cells of the median eminence can sense and rapidly convey peripheral information to the neuroendocrine brain and thus profoundly influence neuron-glia communication, and hence neurosecretion, in a domain-specific manner. Conceivably, endothelial cells forming part of gliovascular units throughout the brain might be engaged in regulating (and use equivalent signaling mechanisms to regulate) neuronal activity. In keeping with this idea, a recent study suggested that vascular-neuronal signaling in the nucleus tractus solitarii, the termination site for baroreceptor afferents in the brainstem, may mediate NO-dependent inhibition of angiotensin-II-induced baroreceptor reflex (for review, see Paton et al., 2002) . Activation of angiotensin-I receptors by circulating angiotensin-II stimulates eNOS activity and elicits NO release from the capillary endothelium. In turn, NO diffuses, reaching nearby GABAergic interneurons that then inhibit the neurons mediating the baroreceptor reflex (Paton et al., 2002) .
In summary, our results show the existence in the neuroendocrine brain of an NO-dependent endothelium-to-glia communication system that significantly impacts neurosecretion by regulating the formation of specialized neuron-glia junctions. In a broader context, the results raise the intriguing possibility that endothelia-to-glia communication is a key element of the process by which peripheral information is transferred from the microcirculation to neurons throughout the CNS. . L-NAME (5 mM), the NOS inhibitor used in our in vitro experiments, or vehicle (NaCl 0.9%) was delivered via a stereotaxically implanted stainless steel cannula connected to a subcutaneously placed osmotic pump delivering its contents at a rate of 0.5 l/hr for 14 d. oc, Optic chiasm; Hyp, hypothalamus; Pit, pituitary; 3V, third ventricle; ME, median eminence. b, Disruption of estrous cyclicity in young adult rats by the infusion of L-NAME into the median eminence of the hypothalamus. Infusion starts at day 0 (arrow pointing up) and ends 14 d later (arrow pointing down), when the pump content is exhausted. The estrous cycle profiles of representative animals are depicted. D, Diestrus; E, estrus, P, proestrus. c, Analysis of the alterations in estrous cyclicity caused by L-NAME infusion into the ME or RCh region of the hypothalamus. This region contains neither GnRH cell bodies nor GnRH axonal terminals. Animals infused with L-NAME in the ME stayed a significantly greater percentage of days in diestrus and exhibited significantly fewer days in proestrus and estrus. L-NAME had no effect when infused into the RCh area. Animals that were allowed to survive after pump exhaustion had all three stages of the estrous cycle restored to control values (ME recovery). *p Ͻ 0.05 versus "NaCl" and "L-NAME-RCh" groups; **p Ͻ 0.01 versus all other groups; ***p Ͻ 0.001 versus all other groups. Numbers above bars represent the number of independent observations per group.
